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ABSTRACT
We use high-resolution (≈ 10 pc), zoom-in simulations of a typical (stellar mass
M? ' 1010M) Lyman Break Galaxy (LBG) at z ' 6 to investigate the stellar
populations of its six dwarf galaxy satellites, whose stellar [gas] masses are in the
range log(M?/M) ' 6 − 9 [log(Mgas/M) ' 4.3 − 7.75]. The properties and evo-
lution of satellites show no dependence on the distance from the central massive
LBG (< 11.5 kpc). Instead, their star formation and chemical enrichment histories
are tightly connected their stellar (and sub-halo) mass. High-mass dwarf galaxies
(M? & 5 × 108M) experience a long history of star formation, characterised by
many merger events. Lower-mass systems go through a series of short star formation
episodes, with no signs of mergers; their star formation activity starts relatively late
(z ≈ 7), and it is rapidly quenched by internal stellar feedback. In spite of the dif-
ferent evolutionary patterns, all satellites show a spherical morphology, with ancient
and more metal-poor stars located towards the inner regions. All six dwarf satellites
experienced high star formation rate (> 5M yr−1) bursts, which can be detected by
JWST while targeting high-z LBGs.
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1 INTRODUCTION
Dwarf galaxies (stellar mass M? . 109M) are the most
common type of galaxies within the Local Group, where over
70 of such systems are observed as satellites of the Milky
Way (MW) and Andromeda galaxies (Tolstoy et al. 2009;
McConnachie 2012). According to the hierarchical ΛCDM
model, these small systems are expected to be the most
abundant at all cosmic times. They are the first galaxies
to form in the Universe; they also play a fundamental role
during the early epochs of structure formation for several
reasons. For example, they represent the building blocks of
more massive galaxies like the MW. Second, they hosted
the first generation of stars marking the end of the Dark
Ages and hence the beginning of the Epoch of Reioniza-
tion (EoR, z > 6). Third, because of their shallow poten-
tial wells, they started to pollute the pristine intergalac-
tic medium (IGM) with newly produced heavy elements,
injected both via stellar winds and supernova (SN) explo-
sions. Finally, high-z dwarf galaxies are also believed to be
the main contributors to the process of reionization as sug-
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gested by numerous studies based on semi-analitical models
(e.g. Salvadori et al. 2014; Yue et al. 2016), numerical sim-
ulations (e.g. Wise et al. 2014; Rosdahl et al. 2018), and
observations (e.g. Bouwens et al. 2012; Finkelstein 2016).
On the other hand, the same feedback processes that
make dwarf galaxies the key drivers of the early cosmic evo-
lution, strongly affect their formation and evolution. In par-
ticular, both UV radiation from massive stars, and the me-
chanical energy injected by SNe heat the gas, leading to a
temporary or permanent suppression of the star formation
(SF) in these small systems. The fact that dwarf galaxies
are very sensitive to these negative feedback processes, as
well as possible gravitational interactions, makes them the
ideal laboratories to study these effects during early galaxy
formation.
Cosmological hydrodynamical simulations have lately
proven to be an invaluable tool for the study of galaxy evo-
lution. They have convincingly shown that the inclusion of
detailed feedback effects is essential to reproduce the evolu-
tion of the IGM and the high-z (e.g. Gnedin & Kaurov 2014;
Pallottini et al. 2014a) and present-day (e.g. Vogelsberger
et al. 2014; Schaller et al. 2015) structures. We are now at a
stage where cosmological simulations are detailed enough as
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to allow a thorough study of the inner structure and prop-
erties of even the smallest systems, i.e. dwarf galaxies, and
a meaningful comparison with observational data. Thanks
to the zoom-in technique it is possible to reach extremely
high spatial and mass resolutions and a great effort has al-
ready been made in this direction to explore the formation of
dwarf galaxies in various environments and at different cos-
mic times. This effort includes simulations of local (z = 0)
dwarf galaxies orbiting around the Milky Way (e.g. Revaz &
Jablonka 2018; Garrison-Kimmel et al. 2019), of field dwarf
galaxies in the local Universe (e.g. Lupi & Bovino 2020),
during the epoch of reionization (e.g. Ma et al. 2018), and
of the earliest star forming dwarf galaxies hosting the first
stars (e.g. Jeon & Bromm 2019). Noticeably – to our knowl-
edge – a study of high-z dwarf galaxies located in dense
cosmic environments has not been performed yet.
From an observational point of view, many nearby faint
dwarf galaxies have been detected and analysed in detail
(e.g. Tolstoy et al. 2009). Still, due to the enormous vari-
ety of these systems, even in the extensively studied Local
Group many issues and questions regarding their formation
and evolution remain unanswered: which processes drive the
variegated star formation histories observed? How many of
these small systems contributed to the build-up of the cen-
tral Milky Way galaxy?
At high redshift, dwarf galaxies pose an even greater
challenge since they appear to be of fundamental impor-
tance in early cosmological scenarios, but no observations
are currently available. However, our knowledge of the high-
z Universe will be largely improved with the advent of the
James Webb Space Telescope (JWST, to be launched in
March 2021). JWST will be able to investigate the faint-end
slope of the galaxy UV luminosity function (e.g. Finkelstein
2016). Amongst its targets, JWST will observe many high
redshift Lyman Break Galaxies (LBG). Such typically mas-
sive and star forming systems are usually located in high-
density cosmic environments; theory also predicts that many
dwarf galaxies should be present in their vicinity as well,
most likely as satellites. Thus, it is timely to turn our at-
tention to the characterisation of these important low-mass
systems.
In this paper we concentrate on (i) the expected stellar
properties of these objects, and (ii) how they are influenced
by feedback effects, (iii) and by the presence of a nearby mas-
sive host galaxy. In order to achieve this objective, we use
state-of-art, high resolution zoom-in simulations of a typical
z ' 6 LBG Pallottini et al. (2017b).
In Sec. 2 we briefly present the main features of the
hydro-simulations, focusing particularly on the identification
of the satellite galaxies. In Sec. 3 we illustrate the main
properties of dwarf satellites at z = 6 (density, radial profiles
and stellar metallicity); Sec. 4 analyses their star formation
and metal enrichment histories. In Sec. 5 we interpret the
above results and investigate how different environmental
and feedback effects regulate the predicted evolution. We
discuss global galaxy properties in Sec. 6, and finally draw
our conclusions in Sec. 7.
2 COSMOLOGICAL ZOOM-IN SIMULATIONS
In order to analyse the properties of the dwarf satellites of
a typical high-z Lyman Break Galaxy, we use the high reso-
lution cosmological simulation described in Pallottini et al.
(2017b). It uses a customised version of the adaptive mesh
refinement code RAMSES (Teyssier 2002) to follow the evo-
lution of a dark matter halo and its environment with a
zoom-in technique. This allows to resolve spatial scales of <∼
30 pc, with a baryon (DM) mass of ' 2×104M (' 105M).
The target halo has a mass Mh ' 3×1011M at z ' 6 (virial
radius rvir ' 26 kpc) and hosts “Althæa”, a proto-typical
LBG given its stellar mass M? ' 1010M, star formation
rate SFR ' 100 M yr−1, and a morphology characterised
by a spiral disk of radius ' 0.5 kpc.
The multi-scale initial condition are set with music
(Hahn & Abel 2011) at z = 100, and the gas is set to a
non-zero metallicity floor Zfloor = 10
−3Z since our resolu-
tion is not sufficient to follow the formation of the first stars
in pristine mini-halos (e.g. Wise et al. 2012; O’Shea et al.
2015). This value is in agreement with the metallicity of the
diffuse IGM found in cosmological simulations of metal en-
richment (e.g. Dave´ et al. 2011; Pallottini et al. 2014b; Maio
& Tescari 2015), and it very marginally affects the gas cool-
ing time. In the simulation stars form out of gas according to
the Schmidt-Kennicutt relation (Kennicutt 1998) depending
on the molecular hydrogen fraction, which is computed by
adopting a non-equilibrium chemical network implemented
via the krome code (Grassi et al. 2014). Stellar feedback in-
cludes supernovae, winds from massive stars and radiation
pressure (Pallottini et al. 2017a). In particular the energy
inputs and chemical yields depend on the age of the stellar
population and are computed for different metallicities with
starburst991 (Leitherer et al. 1999) using PADOVA stellar
tracks (Bertelli et al. 1994) and a Kroupa initial mass func-
tion (Kroupa 2001). This approach is similar to the one typi-
cally adopted in simulations which have a better spatial and
time resolution (e.g. Kim et al. 2014; Lupi & Bovino 2020).
Mechanical feedback from SNe is taken into account through
a detailed modelling of the unresolved physics inside molec-
ular clouds, considering the blastwave propagation through
its different evolutionary stages (based on Ostriker & McKee
1988). The model is in broad agreement with more specific
numerical studied (e.g. Martizzi et al. 2015; Walch & Naab
2015). The turbulent and thermal energy content of the gas
is modelled as in Agertz et al. (2013). The interstellar radi-
ation field (ISRF) is approximated as spatially uniform and
its intensity scales with the SFR of Althæa (for a discussion,
see Pallottini et al. 2019).
In Fig. 1 we plot the spherically-averaged radial density
profiles for DM, stars and gas in the inner ' 12 kpc from
the centre of Althea (inner 100 pc in the inset). The stel-
lar contribution dominates in the inner regions where the
density reaches ' 104M pc−3. The gas density smoothly
decreases from the central peak of ' 100M pc−3, but it ex-
ceeds the stellar density for r & 2 kpc. At distances >∼ 500 pc
the DM becomes the dominant component. The grey curve
represents the Navarro-Frenk-White (NFW) density profile
(Navarro et al. 1997), obtained assuming a concentration
1 The stellar metallicity values covered by STARBURST99 are:
Z?/Z = 0.02, 0.2, 0.4, 1.
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Figure 1. Spherically-averaged mass density profiles for DM, stars, and gas in Althæa. The shaded orange area, the dashed green line
and the grey hatched area mark regions enclosing 50% of the stellar, gas and DM mass, respectively, contained in a volume of size 20 kpc
centred on Althæa. The inset is a zoomed view of the inner 100 pc.
parameter of c = 4 (e.g. Angel et al. 2016). Comparing it
with the DM, we see that the two profiles are consistent at
the scale radius rs = rvir/c ' 6.5 kpc while in the inner
regions the NFW features the classical cusp, which however
is not present in the simulated halo. The absence of a cusp
is actually in agreement with observations of DM profiles in
local dwarf galaxies (e.g. Moore 1994; Walker & Pen˜arrubia
2011). While the absence of a cusp might have a physical
origin (e.g. SN feedback (e.g. Pontzen & Governato 2012)),
the spatial resolution of our simulation, although very high,
is probably not yet sufficient to draw a firm conclusion on
this issue, which in any case is beyond the scope of our study.
The prominent peaks of the stellar and gas radial pro-
files in Fig. 1 correspond to our target satellite structures.
Not surprisingly, these enhancements are not seen in the
DM component as Althæa’s DM halo preserves a high den-
sity value (ρDM & 10−2M pc−3) up to rvir. Although, as we
will see in Sec. 3.2, the satellites have a central DM density
of 10 < ρDM/M pc−3 < 102, their signal is washed away by
the spherical average. For similar reasons, it is difficult to
identify dwarf satellites by using clustering algorithms based
on local overdensities or distance-based Friends-of-Friends
algorithms (e.g. Springel et al. 2001; Knollmann & Knebe
2009; Behroozi et al. 2013; Elahi et al. 2019).
Because of the limited number of objects, here it is more
effective (and simpler) to locate satellites directly through
their stellar (or gas) component, as described in the follow-
ing paragraph. We then check a posteriori the presence of
DM to confirm the identification. For example, when study-
ing the DM profiles of satellite dwarf galaxies (Sec. 3.2), we
would expect their DM to have a central peak and then flat-
ten at a floor value corresponding to the halo DM density
(Fig. 1) at the location of the satellite.
2.1 Identifying satellite galaxies
We will hereafter focus our attention on dwarf galaxy satel-
lites hosting stars, which appear in Fig. 1 as peaks in the
stellar density profile (also identified by arrows). In a forth-
coming paper (Gelli et al. in prep.) we will study the peaks
in the gas radial profiles (visible in the outer region, ≥ 8 kpc)
that are instead associated to gas-rich, metal-poor, and star-
less dwarf galaxy satellites. In order to properly individuate
dwarf satellites hosting stars within the inner regions of the
virial volume of Althæa, we take advantage of stellar mass
density maps like the one shown in Fig. 2. We perform our
search in the displayed region of 20 kpc × 20 kpc, chosen as
to correspond at z ' 6 with the field of view of the NIRSpec
instrument of the JWST, i.e. 3′′ × 3′′. The criteria used to
identify dwarf satellites consists in looking for maxima in the
MNRAS 000, 1–17 (2020)
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Figure 2. Stellar map centred on the simulated galaxy Althæa at z = 6. The field of view is 20 kpc× 20 kpc (corresponding to 3′′× 3′′
at z = 6). The color bar shows the mass-weighted stellar density values. White circles pinpoint the location of the six satellites, S1-S6,
whose properties are summarised in Tab. 1.
stellar density field, using a threshold of ' 10−2 M pc−3.
We perform the search in two 2D maps with line-of-sights
perpendicular to each other, and combine the results to de-
rive the coordinates in the 3D simulated space. The method
identifies stellar overdensities but not necessarily galaxies,
since it does not use any information on the dark matter
content, which is checked a posteriori.
We find a total of six satellites hosting stars (white
circles of Fig. 2). They are numbered from S1 to S6 from
the least to the most massive in terms of stellar mass.
Tab. 1 reports their stellar (M?), gas (Mgas) and halo
(Mh) mass, along with the distance from the centre of the
host galaxy, DAlthæa. The stellar and gas masses are com-
puted by summing the contribution within a box of size
1 kpc centred on the satellites. While such selected region
is large enough to fully include the stellar component, this
is not true for the DM component which is likely more ex-
tended. Furthermore we recall that the dwarf satellites are
embedded in the environment of Althæa. For this reason
we report Mh through the cosmological baryon fraction as
Mh = (Ωm/Ωb)(M? +Mgas), which represents a lower limit
of the actual halo-mass.
The stellar masses of the six objects range from 2.2 ×
106M of S1 to 1.1×109M of S6; the gas masses are about
ten times lower, in the range ' 105−8M. We will hereafter
classify the satellites in three categories based on their stellar
mass: low-mass (S1 and S2), intermediate (S3 and S4), and
high-mass satellites (S5 and S6).
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Figure 3. Stellar and gas density maps of the six satellites. Each map is obtained by mass averaging the density along the line of sight
in a box of size 1 kpc that is centred on the stellar centre of mass of the satellite.
Table 1. Main properties of Althæa’s satellites found at z = 6.
The columns indicate (a) the satellite ID (indexed by increasing
stellar mass), (b) distance from Althæa, (c) stellar mass, (d) gas
mass, (e) halo mass. The stellar and gas masses are computed
within a box of size 1 kpc centred on the satellite. The halo mass
is computed as Mh = (Ωm/Ωb)(M? + Mgas).
Satellite DAlthæa M? Mgas Mh
[kpc] [108M] [108M] [108M]
(a) (b) (c) (d) (e)
S1 11.42 0.022 2×10−4 0.16
S2 2.45 0.72 0.53 5.36
S3 6.85 1.3 0.16 8.95
S4 2.85 2.2 0.47 16.3
S5 1.23 5.9 0.42 40.3
S6 4.86 11.1 0.53 71.1
3 DWARF SATELLITES OF HIGH-Z LBGS
3.1 Density maps
In Fig. 3 the stellar/gas density maps the six satel-
lites are shown. In low- and intermediate-mass satellites,
stars are concentrated in the inner ' 200 pc, where
ρ? > 10
−2M pc−3. More massive objects, i.e. S5 and S6,
show a notable diffuse stellar component, with 10−2 <
ρ?/M pc−3 < 1 in the outer r > 200 pc regions. In all
satellites, however, the stellar density distribution peaks at
the centre (r < 50 pc), is very close to spherical, and – dif-
ferently from the main galaxy Althæa – exhibits no hints of
a disk (see Fig. 2). In most cases the gas distribution tracks
the stellar one in the central regions, but it then extends
up to larger radii, sometimes filling the entire field of view
(1 kpc× 1 kpc).
We note the peculiar case of the least massive and fur-
thest satellite S1, whose density map indicates a consider-
able lack of gas. The little gas present (Mgas = 2× 104M)
has an extremely low density, ρgas ' 10−4M pc−3, and a
very peculiar distribution. Another quaint feature can be
found in S2. In this satellite the gas is concentrated in two
well-separated clumps, displaced from the bulk of the stellar
population. S2 is located at the edge Althæa’s disk (Fig. 1,
also seen as a density discontinuity in Fig. 3). It is unclear
whether the ongoing interaction might be responsible for the
displacement. However, this interpretation is possibly sup-
ported by the presence of two stellar streams in S2 which
might result from tidal forces. Stellar streams are also found
MNRAS 000, 1–17 (2020)
6 V. Gelli et al.
Figure 4. Density profiles for the six satellite galaxies. For each satellite, we plot spherically-averaged mass densities for the stellar, gas,
and dark matter component. The shaded orange area, the dashed green line and the grey hatched area indicate the regions enclosing
50% of the stellar, gas and DM mass, respectively. The vertical thick line at r = 600 pc shows the range of values of the DM profile of
Althæa (Fig. 1) between r = DAlthæa ± 600 pc. See Tab. 1 for the total masses of individual satellites.
in S5, which is the closest to Althæa (DAlthæa = 1.23 kpc),
while they are not seen in more distant satellites. We further
discuss the nature of these streams in App. A.
3.2 Radial profiles
A more quantitative interpretation of the density field prop-
erties of gas, stars, and dark matter can be inferred through
the spherically-averaged radial density profiles shown in
Fig. 4. We immediately notice two common features among
these systems: (a) stars dominate the total mass in the
inner regions (r < 100 pc); (b) the central density in-
creases with the satellite M?, from ρ? ' 1 M pc−3 for
S1 (M? = 2.2 × 106M) to ρ? ' 103M pc−3 for S6
(M? = 1.1× 109M).
The low- and intermediate-mass satellites have the en-
tirety of their stars confined in the inner 100 pc. The only
exception is represented by satellite S2, whose stellar den-
sity flattens after ' 150 pc due to the presence of the stellar
streams visible in the density map (Fig. 3). S2 also has a pe-
MNRAS 000, 1–17 (2020)
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Figure 5. Radial profiles of the different stellar populations in each satellite. For each satellites we distinguish different populations
based on three metallicity intervals: Solar logZ?/Z ≥ −0.5, Metal Poor (MP) −2 ≤ logZ?/Z < −0.5 and Very Metal Poor (VMP)
logZ?/Z < −2. Similarly to Fig. 4, profiles are spherically-averaged and mass weighted. We also indicate the mass fraction of Solar
(fS300), MP (f
MP
300 ) and VMP (f
VMP
300 ) stars in the inner 300 pc of each satellite.
culiar gas distribution with an independent increase at high
radii caused by the diffused gas surrounding Althæa itself.
The dark matter masses range between 5 × 106M .
MDM(r < 600pc) . 5×108M in the displayed inner regions
of the satellites. Its profile has typically a central peak as
well, but it shows a more uniform distribution throughout
the galaxy: it slowly decreases with radius until it reaches the
underlying profile of the dark matter halo of Althæa. This
is highlighted in each plot by the grey bat on the right axis
indicating the DM density range in Althæa (purple curve in
Fig. 1) in r = DAlthæa ± 600 pc.
In all satellites, the gas mass represents ≈ 10% of the
stellar mass. This is not unusual for dwarf galaxies since,
due to their shallow potential well, they are unable to retain
large amounts of gas which is easily evacuated.
We point out the interesting profile of the smallest satel-
lite S1, characterised by the lowest values of stellar, gas, and
dark matter densities. Due to the low amount of dark matter
MNRAS 000, 1–17 (2020)
8 V. Gelli et al.
Figure 6. 3D spatial maps of an intermediate mass satellite S4 (M? = 2.2 × 108M) at z = 6. Stars are divided in three metallicity
intervals as in Fig. 5. In the Metal-Poor and Solar ranges we show 1/6 of the particles, selected randomly, in order to reduce superposition
effects. The colorbar indicates the age of each stellar particle.
particles in the selected volume of 1 kpc3, in order to obtain
a radial profile we averaged over a length of 150 pc, i.e. larger
than the spatial resolution. The resulting profile shows the
floor value of Althæa dark matter halo, with no evidence of
a central dark matter density peak. As a consequence, S1
cannot be considered as a dwarf galaxy. However, the mean
velocity of the simulated stellar particles in the satellite cen-
tre of mass reference frame is 〈v〉 ' 14 km s−1, lower than
the escape velocity of vesc ' 19 km s−1. This suggest that
this object is gravitationally bound, and has virtually no
dark matter: a situation akin to what recently measured in
(proto-)globular clusters (e.g. Vanzella et al. 2017).
3.3 Stellar metallicity
In order to investigate the stellar populations of the satel-
lites, we divided their stars into three categories according
to their metallicity. We will hereafter refer to Solar metal-
licity stars if log (Z?/Z) ≥ −0.5, to Metal Poor stars (MP)
if −2 ≤ log (Z?/Z) < −0.5, and to Very Metal Poor stars
(VMP) if log (Z?/Z) < −2. Fig. 5 shows the spherically-
averaged density profiles of these three stellar populations.
VMP stars are only present in the most massive satellites
S4, S5, and S6 (M? >∼ 1.5×108M); they are always located
in the inner regions, and constitute a subdominant stellar
population (VMP mass fraction < 5% at all radii).
MP stars are also a sub-dominant population in the
most massive satellites (S5 and S6), which at all radii are
dominated by Solar metallicity stars (80 − 90% of the to-
tal stellar mass). Interestingly, in intermediate- (S3 and S4)
and low-mass (S1 and S2) satellites MP stars represent on
average 60− 70% of the total stellar mass, and this fraction
is even higher in the inner regions.
To understand how different stellar populations are spa-
tially distributed, in Fig. 6 we show a rendering of the 3D
positions of stellar particles in a typical dwarf satellite (the
intermediate-mass S4), color coded with their age at z ' 6.
VMP stars are the oldest, they are more compact and more
centrally-concentrated. Conversely, all very young stars have
Z ' Z and they are more extended. In spite of these differ-
ences, all three stellar populations show a remarkably spher-
ical distribution.
4 FORMATION AND EVOLUTION
We now turn to the analysis of the star formation and
metal enrichment histories of individual satellites. These are
shown in Fig. 7 for three illustrative satellites, one for each
of the different mass range categories: S2 (low-mass), S4
(intermediate-mass) and S6 (high-mass). The main panel for
each satellite shows the stellar age-metallicity relation, i.e.
the metallicity of stellar particles as a function of their age.
The colours represent the mass weighted probability distri-
bution function (PDF) in this Age − Z? plane. The right
and top insets show the integrated quantities for each satel-
lite: the stellar metallicity distribution functions (MDF) at
z ' 6 and the star formation histories (SFH), i.e. the star-
formation rate SFR(t) = dM?/dt [M yr−1] as a function of
stellar age (or formation redshift).
4.1 Low-mass satellites
In low-mass systems (S2), the SFH is remarkably simple
and short, lasting ' 30 Myr only. All stars are formed in
two bursts, separated by a short period of inactivity, and
characterised by a SFR that reaches values of 7 M yr−1.
This kind of intermittent SF behaviour represents a common
feature of low- and intermediate-mass systems; it can be un-
derstood as follows. The first burst of SF lasts for ' 5 Myr,
after which the SF is inhibited. This is the typical timescale
for the evolution of massive stars (40 M) that end their
lives as energetic SNe, strongly heating up the gas because
of their high specific luminosity.2 The SF starts again after
this transitory quenching phase of ∼ 5 Myr, which is of the
order of the cooling time computed in the typical conditions
2 This is a consequence of the fact that the interstellar medium
(ISM) where they act has already been pre-heated by stellar ra-
diation and winds (Agertz et al. 2013).
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Figure 7. (Caption in the next column.)
Figure 7. From top to bottom, the three panels show the results
for a low-mass (S2), an intermediate-mass (S4), and a high-mass
(S6) satellites at z ' 6. Main panel : Metallicity of star particles
inside a box of 1 kpc vs their age. The colorbar is the mass-
weighted probability distribution function. Upper inset : Star for-
mation rate (SFR) as a function of stellar age (lower axis) and
redshift z (upper axis). Right inset : Metallicity Distribution Func-
tion averaged in intervals of ∆(logZ/Z) = 0.1.
of the ISM after a SN event (T ∼ 106 K, n ∼ 10−2cm−3 and
ZISM ∼ 10−2Z). Afterward in few Myr the SFR reaches the
second peak of 8 M yr−1. The rate is damped again after
∼ 5 Myr, and then it continues to decrease until the SF is
eventually quenched completely (after ∼ 25 Myr).
The Age − Z? relation shows us that the first stellar
generation formed in S2, at z ∼ 6.4, has high metallicity:
Z?,in ' 10−1.7Z. Dwarf satellites are indeed born from the
gaseous environment surrounding the central LBG Althæa,
which started forming stars at z ∼ 15 and since then has
been polluting its surrounding medium with metals injected
via SN-driven outflows.
After the quenching period, stars produced by the sec-
ond burst in S2 have higher metallicity, as they are born from
an ISM polluted by the previous population. The formation
then proceeds in a more regular fashion, and stars form-
ing at later times are progressively more metal-rich, rapidly
reaching super-solar values. We also notice a brief and slight
decrease of Z? (age ' 105 Myr) caused by metal loss via SN-
driven winds.
The stellar MDF of S2 at z ' 6 reflects its SF and
chemical enrichment history. It shows two maxima in corre-
spondence of the two main SFR peaks; the fraction of MP
stars is 65% of the total.
4.2 Intermediate-mass satellites
The S4 history overall resembles that of S2, but a few differ-
ences are worth noticing: (i) the SF activity in S4 starts ear-
lier (z ∼ 6.5) and hence its first stellar population is slightly
less enriched (Z?,in ' 10−2Z), (ii) the overall SFH lasts
longer (∼ 100 Myr) and, (iii) the SFR reaches a higher peak
value (∼ 15 M yr−1). As a consequence the MDF is rather
evenly distributed in the metallicity range 10−2Z−100.5Z
but the peak appears at higher metallicities, i.e. in corre-
spondence with the longer, final SF phase. Thus, the frac-
tion of MP stars is somewhat lower, now representing 47%
of the total.
4.3 High-mass satellites
The high-mass satellite, S6, has the most complex SF/metal
enrichment history (Fig. 7). Its first stellar generations are
formed at z ' 13; afterwards the satellite undergoes a con-
tinuous SF activity up to z ' 6, i.e. for ≈ 600 Myr. Contrary
to lower-mass satellites, the initial phases of SF in S6 (and
S5) are characterised by a moderate SFR ≈ 1− 2M yr−1,
which suddenly increases at z ≈ 9 with a first and highest
peak of SFR ≈ 15M yr−1, followed by many other weaker
bursts, with the latest one occurring at z ≈ 6.
The Age − Z? relation shows that the first stellar gen-
erations, formed at z ≈ 13, have the lowest metallicity,
MNRAS 000, 1–17 (2020)
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Figure 8. Star formation histories of the six dwarf satellites as a function of the cosmic time (lower axis) and redshift (upper axis). Red
segments indicate the time at which the satellites were at their orbital periapsis; see Sec. 5.1 and Tab. 2 for details. The value of the
interstellar radiation field, scaled for display purposes, G(t)/20G0, is overplotted as a grey line. For S1,S2,S3 and S4, the vertical dashed
line indicates the last SN explosions associated to the peak of star formation.
Z? = Zfloor = 10
−3Z, meaning that their formation hap-
pened in an almost pristine3 chemical environment. How-
ever, following the first SF events, the enrichment proceeds
rapidly, and the ISM metallicity reaches solar values in
< 100 Myr. Interestingly, the Age−Z? plane is characterised
by many vertical tracks. They indicate that stars with very
low metallicities are continuing to form in the galaxy in spite
of the global, average solar metallicity of the satellite. This
can be attributed to two types of events: (i) infalling, quasi-
pristine gas inducing a new burst of star formation, or (ii)
acquisition of low-Z stars due to a dry merger with a smaller,
older system. In the latter case, a Z?−Age relation similar to
S2 and S4 should be found for the infalling stars, i.e. a short
first burst followed by a longer and more intense one. Some
of the vertical tracks in S6 indeed show this behaviour, but
others do not. We are led to conclude that both processes
are acting at the same time, as expected from the theoretical
understanding of galaxy assembling through cosmic times.
The resulting MDF shows that S6 is the only satel-
lite hosting VMP stars at the metallicity floor (and perhaps
PopIII stars). These VMP stars only represent ' 4% of S6
total stellar population, which is therefore largely dominated
by Solar metallicity stars.
3 We remind that, as we cannot resolve mini-halos, we have set
an artificial metallicity floor to mimic their enrichment. Thus, we
cannot exclude that the first stellar generation in S6 is indeed
made of metal-free, PopIII stars.
5 WHAT QUENCHES STAR FORMATION?
We next intend to isolate the physical processes driving the
SFH of the satellites,ultimately determining their properties
at z ' 6. In Fig. 8 the SF/metal enrichment histories for all
the six satellites are plotted as a function of cosmic time, t,
in the range 350-950 Myr.
It is apparent that low- and intermediate- mass satel-
lites (S1-S4) form all of their stars in two short bursts (. 50
Myr) and are afterwards completely quenched, while the
high-mass ones (S5-S6) have remarkably longer SFHs, last-
ing 400− 500 Myr, i.e. up to z ' 6.
We have already noted how the central LBG affects the
chemical properties of stellar populations in the satellites.
Those forming at later times have higher initial metallic-
ities, Z?,in, because of the (pre-)enrichment of their birth
environment, i.e. the LBG circum-galactic medium, by Al-
thæa outflows. Does the presence of the central LBG also
leave an imprint on the SFHs of the smallest satellites via,
e.g. dynamical interactions or mechanical and/or radiative
feedback induced by massive stars? In the following we re-
view these two possibilities in detail.
5.1 Quenching by dynamical interactions
The orbital motion of the dwarf satellites is mainly deter-
mined by the gravitational influence of the central massive
galaxy Althæa. While forming stars, a satellite may pass
through regions of varying density and even near the central
galaxy, possibly interacting with it. In order to shed light on
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Figure 9. Orbits of the six dwarf satellites around the central galaxy Althæa (central black star). The stars and arrows indicate the
location and the velocity direction of the satellites at z ' 6, and their sizes are proportional to the stellar mass and to the velocity
respectively. The dashed blue line correspond to the open hyperbolic trajectory of satellite S1.
the influence that such dynamical interactions have on the
satellite properties, we compute the orbits of the satellites
adopting a simple approach, similar to those applied to MW
satellites (e.g. Simon 2019), and which can provide a good
approximation of their effective motions.
We start by selecting a reference frame in which Al-
thæa is at rest at the origin, and assume that each satellite
moves on an elliptical orbit around the central galaxy. Ap-
proximating the satellites as point-like masses, the orbital
equations for the two-body problem4:
r¨ +
GMA
r3
r = 0 , (1)
where MA is the mass enclosed within a sphere of radius
DAlthæa (i.e. the distance of the satellite from the central
galaxy at z ∼ 6) centred on Althæa. Working in the plane
identified by the satellite velocity vector, vz'6, and the po-
sition of Althæa, and further using polar coordinates r − θ,
we impose two initial conditions: r(θ = 0) = DAlthæa and
v(θ = 0) = vz'6. Then,
r(θ) =
DAlthæa
(1− β2) cos θ − (vr/vt) sin θ + β2 ; (2)
vr, vt are the radial and tangential components of vz'6,
respectively; β = vc/vt involves Althæa’s circular velocity,
vc = (GMA/DAlthæa)
1/2. In Tab. 2 we show the main pa-
rameters describing the orbits found: the radius at the pe-
riapsis rmin; the time difference between the current instant
4 This approach neglects mutual interactions with other satel-
lites.
(z ' 6) and the time at which the satellite was at the pe-
riapsis ∆Tnear; the orbital period T; the eccentricity e; the
modulus of the bulk velocity of the satellite |vz'6|; and the
escape velocity vesc from Althæa at the satellite initial loca-
tion.
In Fig. 9 we show the orbits derived for the six dwarf
satellites. The least massive satellite, S1, has no closed orbit
solution and its bulk velocity (187 km/s) exceeds the local
escape velocity (160 km/s). We conclude that not only S1
is not a proper galaxy – given the absence of a dark matter
overdensity (see Sec. 3.2) – but it is also not gravitationally
bound to the halo in which it is located.
The velocities of the other satellites with respect to Al-
thæa vary in the range ∼ (60− 360) km/s; two of them (S2
and S6) have highly eccentric orbits (e > 0.9) and small
periapsis (rmin < 1 kpc). The orbital periods range from
T = 25 Myr to T > tHubble like in the case of S3, meaning
that this dwarf galaxy has not yet completed an orbit at
z = 6. Despite this, all satellites have ∆Tnear < 70 Myr,
which implies that they all crossed the periapsis within the
last 70 Myr (see Tab. 2).
The time of the periapsis position is a key quantity to
interpret the SFHs since at the periapsis the satellites passed
across the innermost and densest regions of Althæa and thus
it is most likely for the satellite to have directly interacted
with it, for example through gas accretion or tidal effects. To
interpret the SFHs, we here assume that the dwarf satellites
have always moved along the orbits shown in Fig. 9. Yet,
we should stress that such estimate works successfully only
over brief periods of time (' few×10 Myr around z ∼ 6)
since on longer timescales the mass of the two bodies (i.e.
the satellite and Althæa) might change significantly due to
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Table 2. Orbital elements of each satellite: distance of the peri-
apsis (rmin), time of the periapsis (∆T
near = tz'6−trmin ), period
of the orbit (T), eccentricity (e), modulus of the velocity (vz'6),
and escape velocity (vesc). See the text in Sec. 5.1 for the details
of the calculation.
Element S1 S2 S3 S4 S5 S6
rmin[kpc] – 0.1 2.3 1.9 1.0 0.02
∆Tnear[Myr] – 12 20 0 10 69
T [Myr] – 25 3990 505 107 40
e – 0.92 0.92 0.84 0.69 0.99
vz'6[km s−1] 187 63 199 290 360 80
vesc[km s−1] 160 320 208 314 247 247
merger processes; multi-body interactions can also become
important.
With this caveat in mind, we can compare in Fig. 8
the time of the periapsis position of each satellite (red verti-
cal lines) with their SFHs. For low- and intermediate-mass
satellites (S2, S3, S4) no connection can be found between
the orbital motion and the shape of the SFH. In particular,
these small satellites stopped forming stars hundreds of Myr
before passing at the periapsis. For the two high-mass satel-
lites (S5 and S6) instead, we see that the periapsis positions
roughly correspond to the peaks of the SFR. This suggests
that these satellites likely experienced compression and ac-
quired new gas while passing through Althæa’s densest and
innermost regions.
We conclude that dynamical interactions around the
central LBG Althæa do not represent the key process
quenching the SF in the smallest satellites, although they
may lead to non-negligible tidal effects, as discussed in App.
A. Dynamical interactions play instead a key role in regu-
lating and timing the SF activity of the largest satellites.
5.2 Quenching by feedback processes
Feedback processes are a key factor influencing the evo-
lution of dwarf galaxies. In particular, we can distinguish
between two negative feedback effects: (i) mechanical feed-
back, i.e. SN explosions occurring in the dwarf galaxy heat-
ing/removing the gas; (ii) external radiative feedback linked
to the presence of the nearby LBG, which produces photons
that dissociate H2 molecules preventing SF in the dwarf. Me-
chanical feedback starts ' 5 Myr after the first SF episode,
i.e. as soon as M ' 40 M stars end their lives as SNe. It
continues for ' 40 Myr after the last SF event, i.e. until
the explosion of M ' 8 M stars (see also Sec. 4). The sec-
ond effect is instead linked to the SF activity in the main
LBG galaxy; massive star there produce large amounts of
Lyman-Werner band (11.2 < hν/eV < 13.6) radiation ca-
pable of photo-dissociating H2 molecules via the so-called
two-step Solomon process.
In our simulation the average flux of the UV in-
terstellar radiation field (ISRF) in the Habing band
(6.0 − 13.6 eV; Habing (1968)), is evaluated as G(t) =
G0(SFR(t)/M yr−1), where the SFR is computed by con-
sidering all stars within the virial volume of Althæa, and
G0 = 1.6 × 10−3erg cm−2 s−1 is the MW value5. High G
values are expected for typical LBGs, as also inferred by ob-
servations of high-z LBGs (Carniani et al. 2017) and of local
dwarf galaxies, which are often considered as their present-
day counterparts (Cormier et al. 2015). The ISRF is largely
dominated by Althæa, and assumed to be spatially uniform.
Thus, at any time, all dwarf satellites are illuminated by the
same UV flux independently of their location (Sec. 2 and
Pallottini et al. 2017b). This is a fair approximation in the
proximity of the central LBG and hence for the six satellites
which are all found within 12 kpc from it (Behrens et al.
2018; Pallottini et al. 2019). H2 self-shielding is taken into
account in the simulation on a cell by cell basis through
the Richings et al. (2014) prescription, being expressed as a
function of the H2 column density, turbulence, and temper-
ature.
For each satellite in Fig. 8 we show both the time of
the last SN explosion associated to the peak of SF, and the
evolution of the impinging ISRF using the SFR of Althæa,
which follows the simple law SFR(t) = 1.5 log(t?/30 Myr),
with t? the time since its first SF event (see Fig. 2 of Pallot-
tini et al. 2017b). Hence, the ISRF steadily increases with
time, reaching G = 100G0 at z ≈ 6.
We are now ready to assess the impact of feedback on
the SFHs of the satellites. We start our analysis from low-
and intermediate-mass satellites. Fig. 8 shows that their SF
activity is concentrated between t ∼ 800−900 Myr and then
they are completely quenched up to z ' 6. The first decrease
and then complete suppression of SF is caused by the ener-
getic SN feedback that heats and ejects the gas. The effect
of radiative feedback is to dissociate H2 molecules in the
gas, but its contribution is not appreciable due to the low
amount of remaining gas after SN explosions happened. We
also notice that the ISRF does not vary significantly in the
last ∼ 200 Myr and therefore has no crucial impact in chang-
ing the ISM conditions in such time interval. From Fig. 8 we
see that in all these small systems the last SNe explosions
happened ≥ 50 Myr before, so that the gas might have had
all the time to re-collapse and form stars (see Sec. 4). De-
spite this the satellites remain passive because: due to their
small masses, and hence low binding energy, they are not
able to pull new gas into their potential wells – even when
transiting through the inner regions of Althæa – and are
thus unable to trigger SF.
The high-mass satellites S5 and S6 are also not forming
stars at z ' 6, but were active in the previous 5-10 Myr. This
recent short period of inactivity is caused by internal SN
explosions which are still ongoing at z ' 6. In general these
massive dwarf galaxies have long and uninterrupted SFHs
for two reasons: (i) they better withstand SN explosions, i.e.
the feedback is not as efficient in removing gas as in small
satellites; (ii) they are massive enough to acquire fresh gas
when passing near Althæa (as discussed in Sec. 5.1).
We conclude that mechanical feedback can quench SF
in dwarfs around high-z LBGs, while radiative feedback
has not a significant impact. Nevertheless the low amount
of H2 masses predicted in the simulated satellites (0 <
MH2/M < 8×104), are consistent with measurements from
5 For the MW we can roughly assume SFR ≈ 1M yr−1.
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Figure 10. (Caption in the next column.)
Figure 10. Stellar properties of the six analysed dwarf satellites
as a function of their stellar mass (lower axis) and sub-halo mass
(upper axis). The star indicates the values for Althæa. From top
to bottom we plot: the periapsis potions of the satellites orbits
(rmin); the age of the Universe when the satellite formed (tin); the
metallicity of the oldest stellar population in the satellite (Zin);
the mass-weighted mean stellar metallicity at z ' 6 (〈Z?〉); the
mass fraction of metal poor stars (fMP); the duration of the SFH
(∆TSF); the mass-weighted mean stellar age 〈Age?〉.
the Dwarf Galaxy Survey (Madden et al. 2013; Cormier et al.
2014), and models of low-z dwarfs (Lupi & Bovino 2020).
However, because of the current limitations related to the
radiative transfer prescriptions, a more robust investigation
of this point is left for future work.
6 GLOBAL PROPERTIES
Our analysis indicates that many of the observed properties
of dwarf satellites are related to their stellar (hence, halo)
mass. The halo mass sets the potential well and therefore
determines the ability of the galaxy to retain its gas and
survive dynamical interactions. In Fig. 10 we summarise the
main properties of the dwarf satellites stellar populations as
a function of baryonic mass (lower axis) and halo mass (up-
per axis): the periapsis potions of the satellites orbits rmin;
the formation time, tin, and metallicity, Zin, of their first
stellar generation; the mass-weighted mean stellar metallic-
ity at z ' 6, 〈Z?〉; the fraction of metal poor (MP) stars
present, fMP; the duration of the SF activity, ∆TSF ; and
the mass-weighted mean stellar age 〈Age?〉.
From the top panel we see that high-mass satellites have
lowest rmin, allowing them to acquire mass while orbiting
thorough the densest inner regions of Althæa. Also S2 have a
small periapsis of 0.1 kpc: this near interaction with the cen-
tral disk manifests with the creation of two stellar streams
(see App. A).
Star formation activity starts relatively late for low-
and intermediate-mass satellites (800 <∼ tin/Myr <∼ 850); in-
stead, the two most massive dwarfs formed the first stars
much earlier (300 Myr after the Big Bang for S6). Con-
sistently with this picture tin = 200 Myr for Althæa.
As a consequence the initial metallicity (i.e. at forma-
tion) of the galaxies decreases with mass (third panel).
Low- and intermediate-mass satellites have Zin = [10
−2.5 −
10−0.7]Z > Zfloor, while the most massive S5 and S6 have
Zin = Zfloor = 10
−3Z like Althæa.
Even though only the most massive dwarfs contain a
VMP stellar component, they also have the highest mean
stellar metallicity (fourth panel). While all systems are dom-
inated by metal rich stars 〈Z?〉 > 0.3 Z, low-mass satellites
contain a higher fraction of MP stars (fifth panel), similar
to what observed in the Local Group (Kirby et al. 2013).
The duration of the SF activity ∆TSF (sixth panel)
strongly depends on stellar mass. Lower mass satellites have
short SFHs and form stars is a few, short bursts without
experiencing any merger events (see Sec. 4). Higher mass
systems are instead active for much longer periods during
which fresh fuel is also brought in by merger episodes, al-
lowing SF to proceed uninterruptedly for over 400 Myr.
As low- and intermediate- mass satellites formed at sim-
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ilar times tin, the increase of ∆TSF parallels the decreasing
trend of 〈Age?〉 = 100−150 Myr (bottom panel); high-mass
satellites present instead older populations, i.e. ' 250 Myr.
Note that – despite the earlier onset of the SF process – the
stellar population of Althæa is slightly younger than 250
Myr as a result of its increasing SFH (see Fig. 11). Overall,
the 〈Age?〉 trend is broadly in agreement with that found by
other theoretical works (Tacchella et al. 2018, in particular
see Fig. 10 therein).
In summary, our findings are consistent with a scenario
in which high-mass systems are the oldest and form out of
an virtually unpolluted gas. Still, because of their high-mass
and complex assembly history, they continue to form stars
for a longer period of time, and hence are more metal-rich
and host a smaller fraction of metal-poor stars. On the other
hand, low-mass satellites are the youngest systems and form
in environments that have been already pre-enriched by SN-
driven outflows exploding in the central LBG. Yet, since they
form stars for a short period of time, their metallicity is lower
and thus they host a larger fraction of metal-poor stars.
Such behaviour is similar to that found by statistical models
that study Local Group dwarf galaxies in a cosmological
context (Salvadori et al. 2015) implying that this is a general
outcome of ΛCDM hierachical structure formation.
6.1 Comparing with Althæa
The properties of the central LBG Althæa fit nicely in the
global trends in Fig. 10, as confirmed by the stellar age-
metallicity relation, SFH, and MDF, all shown in Fig. 11.
The effect of merger events (vertical stripes) fuelling SF over
long times is visually remarkable. Althæa has formed stars
for '700 Myr and, despite forming its first stars in a virtu-
ally unpolluted environment, its stellar population by z ' 6
is dominated by solar metallicity stars. The radial profiles of
the different stellar populations (Fig. 12) confirm that the
more massive the system considered is, the more negligible
the fraction of VMP stars present, which indeed represent
only the 1% of stars in Althæa.
7 SUMMARY AND DISCUSSION
We investigated the properties of dwarf satellites of a typ-
ical high-z LBG. These small systems have not been di-
rectly observed yet, but they will be one of the most excit-
ing targets at reach of JWST. To this aim we have anal-
ysed cosmological zoom-in simulations presented in (Pallot-
tini et al. 2017b). These simulations have sufficiently high
mass (∆m ' 104 M), and spatial resolution (∆x ' 30 pc)
to examine the inner structure of the smallest systems sur-
rounding the central LBG called Althæa.
We identified six dwarf satellites within . 12 kpc from
Althæa’s centre, whose stellar [gas] masses are in the range
log(M?/M) ' 6 − 9 [log(Mgas/M) ' 4.3 − 7.75]. We
analysed the properties of their stellar populations in terms
of spatial distributions, formation history and kinematics.
The main results are:
(i) All satellites experience periods of high star formation
rates, SFR & 5 Myr−1, hence they are expected to produce
emission lines such as the Hα with high luminosities (e.g.
Figure 11. Age − Z?, Star Formation History and Metallicity
Distribution Function of Althæa, as in Fig. 7.
Figure 12. Radial profiles of the different stellar populations of
Althæa as in Fig. 5.
see Lα − SFR relation from Kennicutt & Evans (2012)).
With the high sensitive NIRSpec instrument (Giardino
et al. 2016), JWST will be able to detect in 10 ks emission
lines of sources at z ' 6 with SFR ∼ 2 M yr−1, implying
that our satellites will indeed be observable.
(ii) Mechanical feedback from SNe, heating/evacuating
the gas, is the key physical process able to permanently
(temporarily) quench the SF in the smallest (largest)
satellites.
(iii) The evolution of the satellites strongly depends on
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their total mass. Low-mass systems (M? . 5 × 108M)
have short (' 50Myr) and simple SFHs, which become
increasingly complex and long (> 500Myr) in more massive
systems experiencing frequent merger events.
(iv) Dynamical interactions of the satellites with Al-
thæa likely played a role in regulating and timing the SF
activity of the largest satellites only.
(v) For all satellites SFHs, chemical composition and
morphology show no dependence on the distance from the
central LBG.
(vi) The chemical properties of the stellar populations
of dwarf satellites also depend on their mass. High-mass
systems (M? > 5 × 108M) form their first stars at z > 9
from nearly pristine gas. Lower-mass satellites form later
(z < 7), and in a circumgalactic medium already enriched
by SN-driven outflows from Althæa and its progenitors.
(vii) In all satellites, the most metal-poor stars are
concentrated towards their center (r . 200 pc) while
metal-rich stars extend up to larger radii. Both components
show a remarkably spherical shape. Stellar streams/arms
caused by tidal effects are only observed in two closest
satellites (S2 and S5).
(viii) The least massive satellite S1 has very low gas con-
tent and completely lacks of DM. We speculate that it might
be a possible high-z proto-globular cluster candidate (e.g.
Vanzella et al. 2017).
From an observational point of view we saw that, given
the bursty-like SFHs of the satellites, they should be bright
enough for JWST to unveil their properties at high-z . For
this reason we plan to make accurate prediction for their
images and spectra in an upcoming work. Based on cur-
rently available observations of high-z galaxies we could ex-
pect some of our low- and intermediate-mass satellites, char-
acterised by stellar populations that form in short efficient
bursts of SF, to be detected as Lyman Alpha Emitters as
suggested by Haro et al. (2020).
How do our findings compare with the data available for
Local Group satellites? First, in agreement with our conclu-
sions, there are observational evidences supporting the im-
portance of internal and external feedback processes in regu-
lating the SFHs of satellites around the Milky Way (e.g. Gal-
lart et al. 2015). Second, we find characteristic behaviours
of stars with different metallicities in galaxies of all masses,
which are encountered at all epochs independently from the
redshift: (i) the fraction of MP stars decreases with increas-
ing mass of the galaxy; (ii) metal-poor (-rich) stars tend to
dwell in the inner regions (to spread out), as also reported
by semi-analytical models and numerical simulations for the
formation of the the Milky Way and its dwarf satellites (Sal-
vadori et al. 2010; Starkenburg et al. 2017).
We have pointed out that high-z dwarfs may form stars
at a sustained rate (> 5 M yr−1). There is a marked differ-
ence with the local dwarf spheroidal galaxy population orbit-
ing around the Milky Way. These objects are characterised
by low SFR (< 0.01 M yr−1) and metallicities (< 0.01 Z).
Hence, LBG satellites may be more similar to Blue Compact
Dwarfs found at the edge of the Local Group: these are gas-
rich systems characterised by ongoing SF at very high-rates,
SFR ' 1− 10 M yr−1 (e.g. Tolstoy et al. 2009), or possibly
(i.e. S1) tidal dwarf galaxies (Bournaud & Duc 2006; Fensch
et al. 2019).
A limitation of our study is represented by the fi-
nite mass resolution of stellar (DM) particles of ' 104M
(' 105M). As a consequence we cannot resolve minihaloes
hosting the first stars, which in principle could influence the
results for the population of low-mass satellites. However,
since we are focusing our study in a biased high-density re-
gion of the cosmic web, we expect to be here in the presence
of a high UV background (e.g Pallottini et al. 2019): an
UV flux of G = G0 roughly corresponds to a background
in the Lyman-Werner band of intensity JLW ' 40 J21 (with
J21 = 10
−21erg s−1cm−2 Hz−1 sr−1). Considering that a crit-
ical flux of JLW ∼ 10−2J21 should suppress minihalo for-
mation (Johnson et al. 2013), the central LGB is expected
to suppress star formation in such small objects already at
z ∼ 10 (e.g. Graziani et al. 2015, for the MW environment).
Therefore accounting for the presence of minihaloes would
not change significantly the properties of the simulated low-
mass satellites, which formed at z < 7. Consistently with the
absence of minihaloes hosting PopIII stars (e.g. Wise et al.
2012; O’Shea et al. 2015), we had to introduce a metallicity
floor of Zfloor = 10
−3Z to mimic the expected gas pre-
enrichment (Dave´ et al. 2011; Wise et al. 2012; Pallottini
et al. 2014a). This metallicity floor however only marginally
affects our results, since stars with Z? < 10
−2Z represent
only a tiny (< 1%) contribution to the stellar mass budget
of the satellites. We also note that stars with Z? < 10
−3Z
are an extremely rare stellar population even in smallest lo-
cal dwarf galaxies with M? < 10
7M (e.g. Salvadori et al.
2015).
The effect of feedback by SN and stellar winds can have
a dramatic impact on the satellites evolution; they might
even lead to a complete SF quenching in the smallest ones.
Indeed, the simulations also predict the existence of addi-
tional eight starless, gas-rich, and metal-poor satellites. In
these interesting systems, located at DAlthæa = 8− 12 kpc,
the SF was likely inhibited by UV photo-dissociation of H2 ,
as predicted by (Salvadori & Ferrara 2012). Because of their
high and dense gas content, these small satellites might be
observed as Damped Ly-α systems (D’Odorico et al. 2018),
and retain in their metal-poor gas the chemical signature
of very massive first stars (Salvadori et al. 2019). It is how-
ever worth recalling that the treatment of the UV radiation
field, and hence of radiative feedback, is rather coarse in
the simulation. In the future we plan to improve on this
aspect by using newly available simulations, part of the
serra suite, implementing on-the-fly, multi-frequency ra-
diative transfer. Hydrogen ionizing radiation will be also
taken into account, which could lead to additional photo-
evaporation effects (e.g. Decataldo et al. 2019).
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APPENDIX A: STELLAR STREAMS
In this Appendix we discuss the origin of the stellar streams
that are present in the external regions of the two satel-
lites S2 and S5 (see Sec. 3.1). The presence of these streams
may be expected since they are the two closest satellites to
Althæa (DAlthæa < 2.5 kpc), and therefore are most likely
affected by tidal interactions. We here study the stellar kine-
matics in these two satellites to interpret the origin of these
structures.
In Fig. A1 and A2 we display the spatial distribution
of the stellar populations of S2 and S5 respectively (using
the same metallicity bins as in Sec. 3.3). The colours in the
left column indicate the stellar age and those in the right
indicate the stellar radial velocity with respect to the centre
of mass of the satellite.
We find that in S2 the streams are moving toward the
centre of the satellite at high velocities, v ' 100 km/s,
which is greater than the mean velocity of the stars into the
bulge, 〈v〉 ' 50 km/s. We observe that the stellar streams
are composed by both Solar and MP stars, reflecting the
same chemical composition of the stellar populations found
in the central spherical bulge. This implies that all these
stars, both in the streams and in the bulge, are most likely
born in the same dwarf galaxy (over a relatively brief period
of time ' 50 Myr), and that the formation of the streams
was caused by a subsequent tidal interaction with Althæa.
The most plausible scenario is the one in which the satellite
have interacted with the disk of the nearby massive LBG
while rotating. Indeed, the rotation likely caused two arms
to detach, and at redshift z ' 6 the stars inside them are
falling back onto the bulge.
In S5 the stellar particles forming the single stream
are found in the Solar metallicity population only. These
stars are all very young and they are moving away from
the satellite at velocity higher than the escape velocity,
vesc ' 220km/s. They are thus falling directly onto Althæa,
subjected to its strong gravitational pull. Recalling Fig. 3,
we notice that also the gas follows a similar spatial distri-
bution as stars, and an analogous infalling stream can in
fact be found. This suggests that, since the stellar stream is
composed by very young stars, these stars may have formed
within the gas rich stream itself while infalling onto Althæa.
We conclude that the streams found in the two satel-
lites, even though caused in both cases by the presence of
the nearby Althæa, have a different nature: in S2 we are
witnessing a perturbation of the spatial distribution of stars
pertaining to a already formed dwarf galaxy; in S5 with a
population of newly formed stars moving from the dwarf
satellite to the central LBG Althæa.
Figure A1. 3D spatial maps of stars in satellite S2. The star
particles have been divided in metallicity intervals as in Fig. 5.
The colorbar in the left column shows the stellar ages, while the
one in the right column shows the radial velocities of stars with
respect to the centre of mass of the satellite.
Figure A2. 3D maps of satellite S5, as in Fig. A1.
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